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1.0  INTRODUCTION 


With  the  advent  of  the  high-pert ormance , low-bypass 
turbofan  cycle,  the  engine  designer  was  faced  witl.  .he  prob- 
lem of  matching  this  system  with  an  efficient  exha  st  nozzle 
configuration.  For  propulsion  considerations,  nozzle  selec- 
tion requires  knowledge  of  nozzle  performance  characteristics 
produced  under  actual  engine  operating  conditions.  Initially, 
experience  accumulated  with  turbojets  was  applied  to  the  pre- 
diction of  turbofan  exhaust  nozzle  performance.  As  operating 
experience  was  obtained  with  turbofan  engines,  however,  sig- 
nificant differences  between  actual  and  predicted  performance 
were  observed  at  some  operating  conditions.  Experimental 
measurements  made  in  the  Engine  Test  Facility  (ETF)  of  the 
Arnold  Engineering  Development  Center  (AEDC)  revealed  that 
turbofan  exhaust  nozzle  inlet  conditions  were  characterized 
by  significant  radial  gradients  in  both  total  temperature  and 
velocity  which  were  not  found  in  turbojets.  The  discrepancy 
between  measured  and  predicted  turbofan  engine  performance 
was  intuitively  attributed  to  the  influence  of  these  flow 
nonuniformities  on  nozzle  performance. 

In  1969,  an  analytical  model  was  developed  by  Wehofer 
and  Moger  (Refs.  1 and  2)  to  corroborate  performance  da;a 
obtained  in  the  ETF  test  cells.  This  analysis  confirmed  the 
earlier  supposition  that  nozzle  inlet  flow  nonuniformities 
typical  of  low-b>pass  turbolans  can  produce  nozzle  performance 
coefficients  which  differ  by  several  percent  from  uniform  flow 
(or  turbojet)  results.  In  addition,  computations  with  this 
analysis  indicated  that  relatively  small  changes  in  convergent 
conical  nozzle  exit  lip  radius  of  curvature  can  also  signif- 
icantly affect  nozzle  performance  providing  the  flow  remains 
attached  to  the  nozzle  wall. 

A literature  search  failed  to  uncover  any  systematic 
nozzle  experiments  which  might  confirm  the  analytically 
predicted  effects  of  nozzle  lip  radius  of  curvature  and 
nonuniform  inlet  conditions  on  nozzle  performance.  Of  the 
studies  reviewed,  the  experiments  of  Grey  and  Wilsted 
(Ref.  3),  Mourey  (Ref.  4),  and  Glasgow,  et  al.,  (Ref.  5) 
are  felt  to  be  representative  of  turbine  engine  exhaust 
nozzle  investigations  conducted  prior  to  1972.  In  all  three 
investigations,  unheated  air  was  used  as  the  working  fluid. 
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Grey  and  Wilsted  and  Mourey  limited  their  investigations  to 
simple  convergent  conical  nozzles;  Glasgow  evaluated  axi- 
symmetric  convergent,  convergent-divergent,  ejector  and  plug 
nozzle  configurations  representative  of  variable  geometry 


exhaust  nozzles  at  various  engine  operating  conditions.  In 
all  cases,  the  convergent  conical  nozzles  evaluated  are 
assumed  to  have  sharp-edged  lips  (i.e. , zero  radius  of  cur- 
vature) at  the  throat  station  although  this  is  not  explicitly 
stated  in  any  of  the  references.  Grey  and  Wilsted  and 
Glasgow  limited  their  studies  to  nozzle  thrust  and  discharge 
performance  evaluations  but  Mourey  also  probed  and  shadow- 
graphed  the  nozzle  exit  flow  fields. 

Some  evidence  of  the  limitations  in  existing  nozzle 
performance  data  may  be  noted  from  a comparison  of  results 
obtained  by  different  investigators  for  comparable  nozzles 
(Fig.  1).  Part  of  the  difference  in  nozzle  discharge  coef- 
ficient (Fig.  1)  at  comparable  nozzle  pressure  ratios  is 


Figure  1.  Conical  nozzle  discharge  coefficient 
versus  nozzle  pressure  ratio  from 
two  different  test  rigs. 
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probably  due  to  accuracy  limitations  of  each  of  the  experi- 
mental rips  and  the  associated  instrumentation.  However, 
some  oi  the  difference  is  also  attributable  to  differences 
in  nozzle  inlet  velocity  profiles  and  to  the  reference  con- 
ditions employed  in  the  discharge  coefficient  definition. 

For  example,  Mourey's  test  rig  included  a relatively  short 
(L/D  ~ 7),  essentially  constant  diameter  approach  pipe  which 
should  have  produced  a thin  boundary  layer  and  uniform  nozzle 
inlet  velocity  conditions.  On  tne  other  hand,  Grey  and 
Wilsted's  test  apparatus  consisted  of  a long  (L/D  ~ 30)  ap- 
proach pipe  with  several  90-deg  bends,  which,  based  on  inlet 
pitot  probe  measurements  and  AEDC  boundary  layer  calcula- 
tions, produced  fully  developed  pipe  flow  velocity  distribu- 
tions at  the  nozzle  inlet  station.  Therefore,  Grey  and 
Wilsted's  data  reflect  an  additional  influence  of  large 
boundary  layers  and  nonuniform  total  pressure  profiles  on 
nozzle  performance  coefficients. 

Because  of  the  apparent  lack  of  the  information  re- 
quired to  confirm  the  analytical  predictions,  an  experimen- 
tal program  was  undertaken  at  AEDC/ETF  to  provide  perfor- 
mance characteristics  of  various  turbine  engine  exhaust 
nozzle  configurations  with  nominal  flow  conditions  represen- 
tative of  low-bypass  turbofan  engines.  Results  from  these 
expel iments  have  been  used  to  establish  the  influence  of 
flow  nonuniformities  on  nozzle  performance  and  to  substan- 
tiate and  improve  details  of  the  Wehof er-Moger  analytical 
model.  Although  the  effect  of  nonuniform  inlet  conditions 
on  nozzle  performance  was  of  primary  interest,  investiga- 
tions were  also  conducted  with  uniform  flow  to  provide  con- 
sistent baseline  data  for  comparative  purposes. 


2.0  EXPERIMENTAL  PROGRAM 


2.1  TEST  NOZZLES 

Nine  f ixeu-geoinetry  exhaust  nc/zle  models  (Fig.  2 and 
Table  1)  were  experimentally  evaluated  during  the  investiga- 
tions. The  configurations  were  selected  (1)  to  be  represen- 
tative of  contemporary  turbofan  exhaust  nozzles,  and  (2)  to 
provide  a systematic  investigation  of  the  effect  of  nozzle 
exit  lip  geometry  on  convergent  conical  nozzle  performance. 
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Table  1.  Summary  of  Exhaust  Nozzles  Investigated 


Nominal  As-Built  Geometry  ] 

Configuration 

Nozzle  Type 

Mean  Wall 
Angle,  deg 

At/A* 

V 

C8.1 

Conical  Convergent 

8.0 

1 . 144 

0.06 

C 1 5 . 1 

15.0 

1.301 

0.06 

C25.0 

27.0 

1.582 

0 

C25.1 

25.0 

1.569 

0.06 

C25.3 

25.0 

1 . 565 

0.30 

C40 . 1 

40.5 

2.149 

0.07 

C25D3 

Convergent 

-Divergent 

25.0  Conv. 
3.4  Div. 

1.538 

<0.01 

UPAC 

Unshrouded 

Plug 

— 

3.193 

— 

SPAC 

Shrouded  Plug 

— 

1 . 523 

— 

Configurations  C8.1,  C15.1,  C25.1,  and  C40.1  are  represen- 
tative of  a variable-geometry  convergent-flap  primary  ex- 
haust nozzle,  with  a given  lip  geometry,  operating  at  vari- 
ous power  settings.  Configuration  C25D3  is  representative 
of  an  advanced,  variable-geometry,  convergent-divergent 
exhaust  nozzle  in  the  nominal  power  configuration.  Configu- 
rations UPAC  and  SPAC  are  representative  plug  exhaust  noz- 
zles and  were  identical,  in  terms  of  internal  aerodynamic 
contours,  to  the  UP^Ci  and  SP;\C3  nozzles  evaluated  in  the 
Lockheed/AFFDL  integrated  airframe/nozzle  investigations 
(Ref.  5).  Configurations  C25.0  and  C25.3  were  included  to 
provide,  along  with  configuration  C25.1,  relative  informa- 
tion on  nozzle  exit  lip  effects.  All  nozzles  tested  were 
dimensionally  checked  to  establish  as-built  contours  which 
differed  slightly  (Table  1)  from  the  design  geometries. 


2.2  TEST  INSTALLATION 


Tests  were  conducted  in  the  Propulsion  Research  Cell 
(R-1A-2 ) of  the  AEDC  Engine  Test  Facility  (ETF ) (Fig.  3). 
Air  from  the  von  Karman  Gas  Dynamics  Facility  (VKF)  , high- 
pressure,  air  supply  system  was  used  as  the  working  fluid. 
The  2000-  to  4000-psi  air  was  throttled  to  approximately 
300  psi  through  a pneumatically  operated  control  valve. 
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Figure  3.  Propulsion  nozzle  research  test  installation. 

The  total  airflow  passing  through  the  test  nozzles  was 
metered  with  a 0. 95-in . -diam  venturi  which  was  designed  for 
critical-flow  operation  (Ref.  6)  at  all  test  conditions. 

For  the  nonuniform  inlet  temperature  flow  investigations, 
the  airflow  was  split  downstream  of  the  main  metering  venturi 
so  that  a portion  passed  through  a 7-MW  electrical  heater 
which  provided  discharge  air  at  temperatures  up  to  1100  R. 
Bypass  air  at  approximately  500  R was  metered  with  a 0.78- 
in.  -diam  venturi  and  then  ducted  radially  through  a mani- 
fold into  a plenum  section  just  upstream  of  the  tailpipe 
simulator.  Throttle  valves  located  in  the  heater  and  by- 
pass lines  were  modulated  to  establish  the  desired  flow 
splits  while  maintaining  critical  flow  in  both  metering  ven- 
turis. Nozzle  exit  pressure  was  controlled  with  the  ETF 
exhausters . 


Two  nozzle  approach  configurations  (Fig.  4)  were  used 
during  the  investigations.  The  nonuniform  inlet  flow  tests 
were  conducted  in  the  turbofan  exhaust  simulator  rig  (Fig. 
4a),  in  which  a core  of  heated  air  surrounded  by  a annulus 
of  unheated  air  is  provided  to  simulate,  respectively,  the 
turbine  exhaust  and  bypass  flow  of  a low-bypass  turbofan. 

The  relative  length  of  the  tailpipe  simulator  and  the  tail- 
pipe-to-core  flow  pipe  diameter  ratio  ncluded  in  the  rig 
were  scaled  to  be  representative  of  current  technology  turbo- 
fan engines.  Uniform  inlet  flow  investigations  were  con- 
ducted in  the  uniform  flow  test  rig  (Fig.  4b),  in  which  cold 
air  is  supplied  to  the  test  nozzle  through  the  heater  line 
only.  A relatively  short  approach  pipe  (L/D  ~ 1.5)  is  in- 
corporated in  this  installation  to  minimize  boundary  layer 
development  upstream  of  the  test  nozzles. 
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a.  Turbofan  simulator 


i i 

b.  Uniform  flow  simulator 
Figure  4.  Nozzle  approach  configurations. 


2.3  INSTRUMENTATION 

Pressures  and  temperatures  were  measured  at  various 
points  in  the  test  nozzles,  in  the  inlet  sections,  and  in  the 
venturis  to  establish  nozzle  flow  characteristics  at  the  var- 
ious operating  conditions.  The  pressure  instrumentation  con- 
sisted of  static  pressure  taps  installed  at  various  points 
within  the  nozzle  inlet  pipes,  along  the  internal  surface  of 
the  test  nozzles,  in  the  nozzle  discharge  plenum,  and  in  the 
metering  venturis.  Total  pressures  were  also  measured  in  the 
venturi  inlet  pipes  with  fixed  position  probes.  Nozzle  inlet 
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total  and  static  pressure  and  total  temperature  distributions 
were  obtained  with  a remotely  controlled,  variable  position 
survey  probe  (Fig.  4).  The  stream  static  pressure  was  deter- 
mined with  a calibrated  20-deg  included-angle  cone  probe. 
Strain-gage-type  transducers  were  used  for  the  pressure  mea- 
surements . 

Total  temperatures  were  measured  with  single-shielded, 
self-aspirating  thermocouple  probes  in  the  venturi  and  test 
nozzle  inlet  pipes.  Test  nozzle  exit  and  venturi  throat  sur- 
face temperatures  were  monitored  with  embedded  thermocouples. 

All  data  were  recorded  on  magnetic  tape  through  the  use 
of  an  automated,  sequentially  sampling,  millivolt-to-digital 
data  acquisition  system  scanning  at  a rate  of  four  parameters 
per  second. 


2.4  TEST  PROCEDURE 

All  data  were  obtained  at  steady-state  conditions. 
Transducers  were  calibrated  in  place  before  and  after  each 
test  period  by  applying  multiple  pressure  levels  to  each 
transducer.  The  applied  pressure  levels  were  measured  with 
both  a multiple-turn,  f used-quartz  bourdon  tube  and  servo- 
controlled  optical  transducer  and  a high  precision  gage. 

Main  venturi  inlet  pressure  was  continuously  monitored  to 
verify  that  essentially  steady-state  conditions  were  main- 
tained throughout  the  data  acquisition  process.  A random 
check  of  the  venturi  inlet  pressure  records  indicated  typi- 
cal variations  on  the  order  of  ±0. 1 to  ±0.4  percent  during 
the  time  required  to  complete  a data  scan. 

Test  nozzle  inlet  pressure  was  nominally  10  to  20  psia 
in  all  cases.  Nozzle  inlet  temperature  was  nominally  480  to 
510  R for  the  cold  flow  investigations  and  for  the  bypass 
stream  in  the  nonuniform  temperature  tests.  Core  tempera- 
tures for  the  nonuniform  temperature  experiments  ranged  from 
800  to  1100°R. 
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3.0  DATA  REDUCTION  PROCEDURES 


The  bulk  of  the  nozzle  data  In  this  report  is  presented 
in  the  form  of  nozzle  performance  coefficients.  Nozzle  coef- 
ficients were  selected  for  presentation  because  of  their 
traditional  importance  il)  in  the  turbine  engine  development 
cycle,  (2)  in  the  estimation  of  component  and  integrated 
engine  performance  at  points  in  the  flight  envelope  not  in- 
cluded in  the  development  test  programs,  and  (3)  in  ground- 
to-f light  test  evaluations.  Nozzle  performance  coefficients 
(discharge  and  thrust)  are  defined  as  either  the  ratio  of 
engine  mass  flow  or  gross  thrust  to  a corresponding  reference 
condition.  The  generally  accepted  nozzle  performance  coef- 
ficient definitions  are: 

Discharge  Coefficient 


where,  for  subsonic  flow 


-==  V 


and  for  sonic  and  supersonic  flow 
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The  reference  conditions  for  Fqs . (1)  and  (2)  are  based  on 

ideal,  one-dimensional  flow.  For  uniform  nozzle  flow  (i.e., 
no  gradients  in  stagnation  pressure  or  temperature)  exhaust- 
ing into  a quiescent  environment,  evaluation  of  the  referenc- 
ing conditions  for  Eqs . (1)  and  (2)  is  unique.  For  nonuni- 
lorm  flow  (i.e.,  radial  gradients  in  either  stagnation  pres- 
sure or  temperature),  the  stagnation  properties  to  be  used  in 
defining  the  one-dimensional  reference  condition  become  a 
matter  of  definition.  As  a result  of  these  flow  nonuniformi- 
ties, several  different  referencing  conditions  have  been  used 
in  defining  turbol'an  exhaust  nozzle  performance  coefficients. 
This  inconsistency  in  definition  makes  it  difficult  to  com- 
pare different  turbol'an  engine  thrust  performance  data. 


An  ideal  reference  definition  would  produce  coefficients 
that  are  independent  of  nozzle  flow  nonuniformities;  however, 
no  reference  flow  definition  suggested  to  date  has  demon- 
strated this  capability  for  a large  range  in  flow  distortions. 
There  are  basically  three  different  reference  flow  conditions 
that  are  generally  employed  for  nonuniform  flows,  (1)  area- 
weighted  reference  conditions,  (2)  stream  tube  reference  con- 
ditions, and  (3)  mass-weighted  reference  conditions.  The 
area-weighted  and  stream  tube  reference  conditions  are  dis- 
cussed in  this  report.  The  mass-weighted  referencing  pro- 
cedure (Ref.  6)  uses  mass-weighted  total  pressure  and  tempera- 
ture for  the  primary  and  bypass  flow  and  an  ideal  primary  and 
bypass  thrust.  However,  in  the  present  experiments,  the  pres- 
sure and  temperature  profiles  at  the  core  nozzle  exit  plane 
were  not  measured;  therefore,  mass-weighted  coefficients  were 
not  calculated.  In  addition  to  these  three  referencing  pro- 
cedures, there  are  also  variations  for  two  stream  flows  such 
as  the  inclusion  of  "mixing-efficiency"  (Ref.  7),  "adder" 
factors  (Ref.  8),  or  using  maximized  weight  flow  relations  in 
place  of  sonic  reference  flow  conditions  (Ref.  9). 


3.1  DISCHARGE  COEFFICIENT 

3.1.1  Area-Weighted  Method 

The  area-weighted  discharge  coefficient  is  defined  as 


3.1.2  Stream  Tube  Method 


The  stream  tube  discharge  coefficient  is  defined  as 


('I)S  * 


(4) 


l-l) 


The  reference  mass  flow  (Ws^_p)  is  based  on  sonic  flow  and  a 
mass  flow  computed  from  a finite  number  of  annular  stream 


tube  elements  of  equal  area: 
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where  is  based  on  T-p.  of  each  stream  tube.  Ten  stream 
tube  elements  were  used  in  the  present  calculations.  This 
reference  mass  flow  was  used  for  both  choked  and  unchoked 
nozzle  flows. 
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3.2  THRUST  COEFFICIENT 
3.2. 1 Area-Weighted  Method 

The  area-weighted  thrust  coefficient  is  defined  as 


<TA  k,a 


(6) 


ideal 


The  ideal  thrust  is  based  on  area-weighted  stagnation  pres- 
sure and  temperature  (Eqs.  (3b)  and  (3c))  outside  the  wall 
boundary  layer : 


ideal 


where  y is  based  on  Tip. 

3.2.2  Stream  Tube  Method 


The  stream  tube  thrust  coefficient  is  defined  as 
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and  Yi  is  based  on  Tji . Again,  ten  stream  tube  elements  (n) 
were  used  in  the  present  computations. 


3.3  AIRFLOW  CALCULATION 


The  actual  nozzle  mass  flow  (Wa)  is  determined  from  the 
main  venturi  measurements  using  the  calculation  procedures 
outlined  in  Ref.  10  and  a real  gas  correction  (Kef.  11). 
Based  on  the  individual  accuracies  of  the  flow-measuring 
system  and  instrumentation,  the  airflow  control  system,  and 
real  gas  corrections,  the  accuracy  of  the  nozzle  airflow  is 
estimated  to  be  +1  percent. 
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3.4  NOZZLE  THRUST  CALCULATION 


The  measurement  ol  nozzle  axial  thrust  (Fa)  is  ideally 
obtained  with  a thrust  stand  consisting  of  a fixed  frame,  a 
movable  frame,  a load  cell,  and  a calibration  system.  Large 
thrust-measuring  systems  of  this  type  are  available  in  the 
major  engine  test  cells  of  the  ETF.  Unfortunately  the  R-1A-2 
test  cell  is  not  equipped  with  a thrust  measurement  system 
and  available  resources  precluded  development  of  such  a sys- 
tem. In  view  of  this  fact,  a computed  momentum  balance  pro- 
cedure was  used  to  determine  nozzle  thrust. 


The  actual  nozzle  gross  thrust  (Fa)  is  obtained  from  a 
momentum  balance  based  on  measured  mass  flow,  measured  radial 
distribution  of  inlet  stagnation  pressure  and  temperature, 
wall  static  pressure  distributions,  computed  skin  friction 
and  strut  drag,  and  the  assumption  that  static  pressure  is 
constant,  across  the  nozzle  inlet  station  or 
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The  nozzle  inlet  static  pressure  is  determined  by  using 
the  measured  radial  distribution  of  stagnation  properties  and 
the  value  of  the  mass  flow  obtained  from  the  metering  venturi 
to  implicitly  solve  the  integral  form  of  the  continuity  equa- 
tion for  static  pressure.  The  value  of  static  pressure  ob- 
tained in  this  manner  generally  agreed  within  1 to  2 percent 
of  the  value  for  the  static  pressure  measured  with  a cali- 
brated cone  probe.  The  C8.1  and  C15.1  nozzles,  however,  had 
high  tailpipe  Mach  numbers  (0.7  to  0.9)  that  resulted  in 
large  radial  static  pressure  gradients.  Therefore,  no  thrust 
computations  were  made  for  the  C8.1,  and  only  limited  thrust 
computations  were  made  for  the  C15.1  nozzle  configurations. 

The  drag  terms  in  Eq.  (9)  include  an  estimate  for  wall  shear 
force  which  was  obtained  from  a boundary-layer  computer  pro- 
gram (Ref.  12).  An  indication  of  the  boundary  layer  charac- 
teristics of  each  test  nozzle  is  presented  in  Fig.  5.  The 
strut  drag  for  the  plug  nozzles  was  obtained  using  the  drag 
coefficient  for  a cylinder  in  cross  flow.  The  drag  correction 
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for  all  of  tlie  non-plug  nozzles  except  the  C8.1  nozzle  was 
less  than  1 percent  of  the  nozzle  thrust  coefficient  (Cp) . 
The  plug  nozzles  had  a combined  calculated  strut  and  wall 
drag  of  approximately  1 percent  of  Cp  for  the  UPAC  nozzle 
and  2 percent  of  Cp  for  the  SPAC  nozzle, 


Figure  5.  Caliulated  boundary  layer 
mass  defect  variation. 


The  evaluation  of  nozzle  thrust  using  a computed  momen- 
tum balance  is  mechanically  simple;  however,  the  accuracy  of 
the  thrust  is  dependent  on  the  individual  accuracies  of  the 
measured  mass  flow,  the  inlet  stagnation  properties,  the  wall 
static  pressures,  and  the  calculated  wall  shear  forces.  The 
best  estimate  of  the  nozzle  thrust  accuracy  is  ±1.5  percent. 
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d.o  RESULTS 


Each  nozzle  was  evaluated  in  both  the  turbofan  engine 
exhaust  simulator  (Fig.  4a)  and  the  uniform  Flow  test  rig 
(Fig.  4b).  The  general  test  matrix  is  presented  in  the 
following  table^. 


Table  2.  Range  of  Test  Conditions 


Teet  Rig 

NPR 

BPR 

BTR 

PT,  palm 

tt,  °r 

Turbofan 

Simulator 

1.8  to  6.0 

<5 

0 

<© 

o 

0.45  to  1.5 

Core:  10  to  20 

Secondary : 10  to  20 

Core:  500  to  1100 

Secondary:  500  to  700 

Uni  fora 
Flow 

1.8  to  6.0 

0 

1.0 

10  to  20 

460  to  500 

A summary  o!  the  data  is  presented  in  Appendix  A 
(Nominal  Nozzle  Performance  Data).  Theoretical  calculations 
were  made  with  the  Wehof er-Moger  analysis  (Ref.  2)  for  com- 
parison with  experimental  data  and  are  included  throughout 
this  section.  This  method  uses  the  asymptotic  solution  to 
the  time-dependent  conservation  flow  equations.  The  fluid 
is  assumed  to  be  inviscid,  non-heat  conducting,  and  ther- 
mally perfect.  The  flow  field  is  assumed  to  be  axisymmetric 
or  planar.  The  analysis  includes  the  treatment  of  both  con- 
vergent and  plug  nozzles,  and  nonuniform  nozzle  inlet  pro- 
files of  total  pressure,  total  temperature,  and  gas  proper- 
ties. Because  of  the  number  of  calculations  required  to 
construct  a performance  coefficient  curve  and  because  of  the 


It  should  be  noted  that,  because  of  the  fixed  geometry 
of  the  turbofan  simulator  test  rig,  changes  in  BPR  corres- 
pond to  changes  in  the  core-to-bypass  total  pressure  ratio. 
Many  turbofan  engines  have  variable  geometry  features  which 
maintain  matched  tailpipe  stagnation  pressure  with  excur- 
sions in  BPR.  Therefore,  the  reader  should  be  careful  when 
inferring  BPR  effects  on  engine  performance  from  the  ex- 
perimental results  presented  in  this  report. 
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computer  time  required  to  construct  a flow  field  for  a con- 
vergent nozzle  including  real  gas  effects,  nonuniform  inlet 
flow  properties  and  a tree  pressure  boundary,  it  was  nec- 
essary to  restrict  the  theoretical  computations  to  a limited 
number  of  test  conditions. 


4.1  UNIFORM  INLET  FLOW 

4.1.1  Comparison  with  Other  Results 

Performance  characteristics  are  compared  with  Mourey 
(Ref.  4)  to  provide  a bench  mark  between  the  present  experi- 
ments and  previously  reported  results.  Mourey  evaluated  a 
25-deg,  convergent,  sharp  lip  nozzle  in  a cold  flow  test  rig 
which  employed  an  ASME  nozzle  for  airflow  measurement  and  a 
static  thrust  stand  equipped  with  a strain-gage  load  cell 
for  thrust  determination.  Experimental  discharge  coeffi- 
cients from  Mourey  and  from  the  present  C25.0  nozzle  experi- 
ments (Fig.  6)  agree  within  0.75  percent,  with  the  maximum 


Figure  6.  Comparison  of  C25.0  nozzle  performance 
from  different  test  rigs  (uniform  cold 
flow  inlet  conditions). 
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deviation  occurring  at  nozzle  pressure  ratios  above  3.  Thrust 
coefficients  agree  to  within  1 to  1.5  percent,  which  is  rea- 
sonable in  view  of  slight  differences  in  contraction  ratio  and 
boundary  layer  characteristics  between  test  configurations. 

Previous  AEDC  investigations  (Ref.  2)  demonstrated  the 
correlation  between  theoretical  calculations  made  with  the 
Wehof er-Moge"  analysis  and  all  the  sharp  lip  conical  nozzle 
data  obtained  by  Mourey  (Fig.  7).  Also  shown  in  Fig.  7 is  a 
comparison  of  the  present  C25.0  nozzle  performance  results. 
There  is  good  agreement  between  the  calculated  discharge 
coefficients  and  all  the  experimental  results.  Differences 
between  the  theoretical  thrust  coefficients  and  the  experi- 
mental results  are  somewhat  greater,  possibly  because  of  the 
larger  uncertainty  in  measured  thrust  as  compared  with  mea- 
sured mass  flow. 
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a.  Discharge  coefficient  b.  Thrust  coefficient 

Figure  7.  Comparison  of  experimental  and  theoretical  convergent 
conical  nozzle  performance  (uniform  cold  flow). 


A comparison  of  nozzle  performance  coefficients  for  the 
two  plug  nozzles  (UPAC  and  SPAC)  and  similar  nozzles  reported 
by  Glasgow  (Ref.  5)  is  presented  in  Figs.  8a  and  b.  Glasgow 
used  a choked  venturi  to  measure  mass  flow  and  a force  balance 
system  for  thrust  measurements.  Because  the  SI  AC  nozzle  throat 
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is  located  upstream  of  the  nozzle  exit  and  there  is  a signi- 
ficant region  ol'  supersonic  flow  which  isolates  the  throat 
from  ambient  pressure,  the  discharge  coefficient  is  nearly 
constant  with  pressure  ratio.  The  data  comparison  shows  a 
maximum  0.75-percent  difference  in  discharge  coefficients 
and  a difference  of  approximately  2 percent  in  thrust  coef- 
ficients. The  uncertainty  in  thrust  coefficients  from  the 
present  studies  is  expected  to  be  largest  for  the  plug  con- 
figurations since  these  nozzles  have  the  fewest  wall  pres- 
sure taps  and  largest  correction  for  wall  shear  and  strut 
form  drag.  There  is  generally  good  agreement  between  the 
experimental  and  theoretical  wall  pressure  distributions  for 
the  UPAC  nozzle  (fig.  9).  The  difference  in  the  aft  end 
plug  pressure  distribution  for  X greater  than  1.6  is  attrib- 
uted to  the  presence  of  a shock  or  flow  separation.  The 
present  theoretical  procedure  does  not  account  for  either 
flow  phenomenon.  Comparison  of  theoretical  and  experimental 
discharge  and  thrust  coefficients  for  the  UPAC  nozzle  is  in- 
cluded in  the  table  in  Fig.  9. 
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a.  Discharge  coefficient 

Figure  8.  Comparison  of  plug  nozzle  performance 
from  different  t-xt  rigs  (uniform 
cold  flow  inlet  conditions). 
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Nozzle  Pressure  Ratio.  PTfPc 


b.  Thrust  coefficient 
Figure  8.  Concluded. 
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Figure  9.  Unshrouded  plug  nozzle  pressure  distribution 
(cold  flow,  NPR  = 4.0). 
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In  summary,  within  the  limits  of  uncertainty  imposed  by 

1.  slight  differences  in  geometry, 

2.  some  differences  in  inlet  flow  conditions, 
particularly  boundary  layer  characteristics, 
and 

3.  accuracy  of  the  measuring  system  involved, 

the  current  experimental  results  are  in  general  agreement 
with  those  of  Mourey  and  Glasgow.  Also,  for  uniform  nozzle 
inlet  flow,  there  is  generally  good  agreement  between  the 
theoretical  calculations  and  the  experimental  data. 

4.1.2  Nozzle  Throat  Geometry  Effects 

The  influence  of  changes  in  throat  geometry  on  nozzle 
wall  Mach  number  distribution  can  be  evaluated  by  comparing 
distributions  for  a sharp-lip  convergent  nozzle  (C15.0  and 
C25.0)  and  one  having  a rounded  lip  (C15.1  and  C25.1)  (Fig. 
10).  A rounded  lip  causes  the  flow  to  rapidly  accelerate 
in  the  vicinity  of  the  throat  region  when  compared  with  a 
sharp-lip  nozzle.  A comparison  of  a theoretical  (Ref.  2) 
wall  pressure  distribution  with  experimental  data  is  shown 
in  Fig.  11.  As  evidenced  by  the  experimental  results,  the 
flow  separates  from  the  nozzle  wall  in  the  vicinity  of  the 
nozzle  throat.  For  nozzles  having  a small  throat  radius  of 
curvature  (~0.1),  the  flow  can  apparently  withstand  approxi- 
mately 10-percent  rise  in  back  pressure  before  separating 
(Figs.  12a  and  b) . This  10-percent  criterion  can  be  used  in 
making  nozzle  flow  calculations.  For  larger  throat  radius 
of  curvatures  (-0.3),  the  rise  in  back  pressure  does  not 
result  in  the  abrupt  change  in  wall  pressure  (Fig.  12c). 

For  the  larger  throat  radii  of  curvature,  additional  infor- 
mation (i.e.,  throat  wall  pressures)  is  required  before 
calculations  can  be  made  for  an  overexpanded  flow  field. 

Although  the  flow  does  apparently  separate,  the 
rounded  lip  still  exerts  an  influence  on  the  outer  portion 
of  the  nozzle  flow  field.  The  influence  of  throat  geometry 
on  nozzle  performance  characteristics  can  be  determined 
from  a comparison  of  the  experimental  results  from  the 
C25.0,  C25.1,  C25.3,  and  C25D3  nozzles.  Increasing  nozzle 
lip  radius  of  curvature  increased  both  discharge  and  thrust 
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coefficients  (Fly.  13).  A comparison  of  theoretical  and 
experimental  performance  coelficients  is  illustrated  in  Fig. 
In  making  the  theoretical  calculations  for  the  C25.3 


14. 
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nozzle,  the  point  of  flow  separation  was  estimated  from  the 
experimental  wall  pressures.  The  analytical  and  experimen- 
tal discharge  coefficients  are  in  relatively  good  agreement. 
The  analytical  results,  however,  did  not  predict  the  experi- 
mentally observed  difference  n thrust  coefficient  between 
the  C25.3  and  the  C25.0  nozzles.  Nor  did  the  theoretical 
calculations  predict  the  drop-off  of  the  thrust  coefficient 
for  the  C25.0  and  C25.3  nozzles  at  the  lower  pressure  ratios. 
However,  the  difference  in  the  theoretical  and  experimental 
thrust  coefficients  is  within  the  expected  accuracy  of  the 
momentum  balance  procedure.  A more  accurate  thrust  measure- 
ment is  apparently  required  to  resolve  this  particular  thrust 
anomaly  between  the  experimental  and  theoretical  results. 
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Figure  10.  Influence  of  nozzle  throat  geometry  on 
wall  Mach  number  distribution. 
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a.  Discharge  coefficient 


Nozzle  Pressure  Ratio.  Pj/Pc 


b.  Thrust  coefficient 

Figure  13.  Influence  of  nozzle  throat  geometry  on 
nozzle  performance  (uniform  cold  flow). 
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4.2  EFFECT  OF  TOTAL  PRESSURE  DISTORTION  (COLD  PRIMARY  FLOW) 

The  influence  of  radial  distortions  in  total  pressure 
on  nozzle  performance  was  evaluated  in  the  turbofan  simula- 
tor test  rig  (Fig.  4b).  Unheated  air  was  used  for  both  the 
primary  and  bypass  streams.  The  nozzle  inlet  radial  total 
pressure  profiles  were  obtained  by  altering  the  inlet  total 
pressure  to  the  bypass  and  main  venturis. 

Typical  nozzle  total  pressure  profiles  obtained  with 
the  C40.1  nozzle  are  presented  in  Fig.  15  for  bypass  ratios 
of  0.81  and  1.36.  For  a BPR  of  0.81,  the  total  pressure  of 
the  core  flow  is  greater  than  that  of  the  bypass  flow.  In- 
creasing the  BPR  to  1.36  results  in  a bypass  total  pressure 
greater  than  that  of  the  core  flow.  Also,  for  comparative 
purposes,  typical  total  pressure  profiles  for  a full-scale 
turbofan  with  BPR  ~ 1 and  for  a turbojet  engine  operating 
at  military  power  conditions  are  presented  in  Fig.  15.  The 
nozzle  wall  pressure  data  did  not  reveal  any  distinguishing 
characteristic  of  inlet  pressure  distortion  on  wall  pres- 
sure distribution.  However,  a consistent  effect  of  inlet 
pressure  distortion  on  nozzle  discharge  coefficient  was 
observed  (Figs.  16  and  17).  As  the  BPR  increases  (i.e., 
increasing  bypass  total  pressure),  the  nozzle  discharge 
coefficient  decreases.  This  trend  was  observed  for  all  the 
nozzles  over  the  entire  range  of  flow  conditions  investi- 
gated. For  nozzle  pressure  ratios  greater  than  approxima- 
tely 2.6,  there  is  no  appreciable  difference  in  nozzle 
thrust  coefficients  from  uniform  and  nonuniform  inlet  pres- 
sure profiles.  There  are,  however,  some  discernible  dif- 
ferences in  uniform  and  nonuniform  flow  thrust  coefficients 
at  the  lower  nozzle  operating  pressure  ratios.  It  basi- 
cally appears  that  pressure  distortions  have  a more  pro- 
nounced effect  on  discharge  coefficient  than  on  nozzle 
thrust  coefficient.  Although  not  shown,  there  are  essen- 
tially no  differences  between  the  thrust  or  discharge  coef- 
ficients obtained  using  the  area-weighted  or  the  stream 
tube  referencing  methods. 
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Figure  15.  Radial  distribution  of  total  pressure 
at  nozzle  inlet  plane. 
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C40.1  nozzle  performance  icold  flow). 
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Nozzle  Pressure  Ratio,  Pj/P( 

Figure  17.  Influence  of  nozzle  bypass  ratio 
on  C25.0  nozzle  performance 
(cold  flow). 


4.3  EFFECT  OF  COMBINED  TOTAL  PRESSURE 
AND  TEMPERATURE  DISTORTION 

The  influence  of  the  combined  radial  distortion  of  both 
total  pressure  and  temperature  on  nozzle  performance  was  also 
evaluated  in  the  turbofan  simulator  test  rig  (Fig.  4a). 

Heated  air  (800  to  1100°R)  was  used  for  the  primary  air- 
stream  and  unheated  air  (500  R)  was  used  for  the  bypass  flow. 
Again,  the  nozzle  inlet  radial  profiles  were  varied  by  alter- 
ing the  inlet  total  pressure  to  the  bypass  and  main  venturis. 
Typical  nozzle  total  temperature  profiles  for  the  present  in- 
vestigations and  profiles  for  a full-scale  turbofan  and 
turbojet  at  military  power  conditions  are  shown  in  Fig.  18. 
Temperature  distributions  in  the  present  experiments  closely 
approximate  the  full-scale  low-bypass  turbofan  conditions. 
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Typical  nozzle  total  pressure  and  temperature  profiles  ob- 
tained witli  the  C25.0  nozzle  are  presented  in  Fig.  19  for 
BPR's  of  1.37  and  0.785  and  BTR's  of  0.515  and  0.65,  re- 
spectively. Additional  pressure  and  temperature  profiles 
for  each  nozzle  are  presented  in  Appendix  B (Nozzle  Pres- 
sure and  Temperature  Profiles). 
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Figure  18.  Comparison  of  radial  total  temperature 
profiles  at  nozzle  inlet. 
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Once  again,  there  are  no  distinguishing  characteristics 
of  nozzle  inlet  pressure-temperature  distortions  as  compared 
with  undistorted  flow  on  wall  Mach  number  distributions  (Fig. 
20).  Nozzle  C25.0  performance  coefficients  obtained  with 
inlet  temperature  and  pressure  distortions  are  compared  in 
l^gs.  21  and  22  with  uniform  flow  and  with  distorted  pressure 
results.  Whereas  changes  in  pressure  distortion  principally 
affect  discharge  coefficient,  changes  in  bypass  temperature 
ratio  influences  both  the  area-weighted  discharge  and  thrust 
coefficients.  As  shown  in  Section  4.2,  increasing  the  BPR 
decreased  the  discharge  coefficient.  However,  Fig.  22  shows 
that  the  discharge  coefficient  increased  for  an  increase  in 
BPR.  Therefore,  the  effect  on  the  area-weighted  discharge 
coefficient  of  the  temperature  distortions  is  opposite  to 
the  effect  of  the  pressure  distortions.  Also,  whereas  pres- 
sure distortions  alone  had  what  is  considered  to  be  a sec- 
ondary effect  on  the  area-weighted  thrust  coefficient,  the 
presence  of  both  pressure  and  temperature  distortions  re- 
sulted in  a significant  shift  in  magnitude  but  not  in  shape 
of  the  area-weighted  thrust  coefficient  curve  (Fig.  22). 
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Figure  21.  Influence  of  nozzle  bypass  ratio  on  C25.0  nozzle 
performance  (cold  versus  hot  core  flow). 
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A comparison  of  theoretical  and  experimental  results 
for  the  C25.1  nozzle  is  presented  in  Fig.  23.  Experimen- 
tally measured  inlet  stagnation  conditions  were  used  as 
inputs  for  the  theoretical  calculations.  While  the  theo- 
retical results  compare  favorably  with  the  experimental 
data,  the  theoretical  results  for  nonuniform  flow  are  not 
as  consistent  as  the  uniform  flrw  results  as  evidenced  by  the 
discontinuity  of  the  line  interconnecting  the  theoretical 
points  (Fig.  23).  The  discon  inuity  in  the  theoretical  re- 
sults for  the  nonuniform  flow  . s principally  the  result  of 
having  large  radial  gradients  .n  the  stagnation  flow  proper- 
ties. Because  of  these  gradients,  the  nonuniform  theoreti- 
cal results  are  not  as  stable  numerically  as  the  uniform  re- 
sults. The  numerical  instabilities  require  that  additional 
analytical  restraints  be  applied  to  the  finite  differencing 
scheme  (Ref.  2).  Several  hours  of  IBM  370/155  computer  time 
were  required  to  obtain  the  nine  theoretical  calculations 
presented  in  Fig.  23.  This  relatively  large  amount  of  com- 
puter time  is  required  to  establish  the  boundaries  of  the 
free-jet  flow  field  for  conical  nozzles.  This  is  necessary 
since  the  flow  field  at  the  exit  plane  of  conical  convergent 
nozzles  is  not  entirely  choked  (Ref.  1),  and  therefore,  the 
free-jet  flow  field  influences  the  internal  nozzle  perfor- 
mance. Also,  when  there  are  radial  gradients  of  stagnation 
pressure  and  temperature,  it  is  necessary  to  use  as  fine  a 
grid  mesh  network  as  possible  in  order  to  obtain  accurate 
results . 


Additional  comparisons  of  theoretical  and  experimental 
results  are  presented  in  Fig.  24,  where  wall  pressure  distri- 
butions for  the  C25D3  nozzle  are  shown.  The  difference  in 
the  theoretical  and  experimental  pressure  distribution  just 
downstream  of  the  nozzle  throat  is  assumed  to  be  the  result 
of  a local  separation  bubble.  Since  the  divergent  portion  of 
this  nozzle  is  physically  defined,  the  C25D3  nozzle  calcula- 
tions require  much  less  computer  time  than  the  conical  nozzle 
calculations.  The  analytical  results  presented  in  Fig.  25 
were  obtained  with  a 21  by  56  mesh  incorporating  real  gas 
effects  in  about  30  min  of  IBM  370/155  computer  time.  The 
influence  of  flow  nonuniformities  on  discharge  coefficients 
(Fig.  25)  for  plug  nozzles  is  similar  to  that  of  non-plug 
nozzles;  decreasing  the  bypass  temperature  ratio  increases 
the  discharge  coefficient.  Unlike  the  non-plug  nozzles,  the 
nonuniformities  increased  the  plug  nozzle  area-weighted  thrust 
coefficients  relative  to  the  uniform  flow  results. 
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The  nozzle  performance  coei'i icients  presented  in  Figs. 
13  to  25  used  the  area-weighted  stagnation  properties  in  the 
definition  of  reference  conditions.  A comparison  between 
area-weighted  and  stream  tube  performance  coefficients  for 
the  C25.1  nozzle  is  presented  in  Fig.  26.  Using  the  stream 
tube  referencing  procedure  as  compared  with  the  area- 
weighted  method  generally  brings  the  nozzle  coefficients 
more  in  line  with  the  uniform  flow  results.  However,  coef- 
ficients obtained  with  either  referencing  procedure  can 
deviate  considerably  from  uniform  flow  results  when  signifi- 
cant distortion  in  inlet  stagnation  properties  exists. 


Figure  23.  Comparison  of  experimental  and  theoretical 
nonuniform  C25.1  nozzle  performance. 
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Figure  24.  Comparison  of  theoretical  and  experimental  wall 
pressure  distribution  for  convergent-divergent 
(C25D3)  nozzle  (NPR  = 3.0). 
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Figure  25.  Influence  of  nozzle  bypass  ratio  on  UPAC  nozzle 
performance  (hot  core  flow  versus  uniform  flow). 
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Figure  26.  Concluded. 
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5.0  SUMMARY 


The  primary  objective  oi  the  turbine  engine  exhaust 
nozzle  investigations  was  to  experimentally  determine  and 
analytically  verify  the  influence  of  nozzle  inlet  flow  non- 
uniformities and  geometry  effects  on  nozzle  performance 
characteristics.  Critical-flow  venturis  were  used  to  mea- 
sure nozzle  mass  flows  to  an  estimated  accuracy  of  ±1  per- 
cent. Nozzle  thrust  was  evaluated  using  a momentum  balance 
procedure  to  an  estimated  accuracy  of  ±1.5  percent. 


The  present  experimental  results  for  undistorted  nozzle 
flows  were  generally  in  good  agreement  with  the  experimental 
results  of  other  investigators.  For  plug  nozzles,  the  experi- 
mental thrust  values  deviated  approximately  2 percent  from  the 
experimental  values  presented  by  Glasgow.  The  thrust  uncer- 
tainty for  the  present  tests  are  expected  to  be  largest  for 
the  plug  nozzles.  The  theoretical  calculations  for  undis- 
torted inlet  flow  for  non-plug  and  plug  nozzles  agreed  with 
experimental  discharge  coefficients  to  within  1 percent.  The 
agreement  between  theoretical  and  experimental  thrust  coef- 
ficients for  plug  (using  present  experimental  results)  and 
non-plug  nozzles  was  approximately  1.5  percent. 


The  experimental  data  show  a significant  influence  of 
small  changes  in  nozzle  throat  geometry  on  discharge  coef- 
ficient. As  expected,  increasing  the  throat  radius  of  curva- 
ture increases  the  discharge  coefficient.  This  result  was 
also  verified  by  the  theoretical  results.  The  theoretical 
and  experimental  data,  however,  are  in  disagreement  with  re- 
spect to  the  influence  of  changes  in  throat  radius  on  thrust 
coefficient.  The  experimental  data  reflect  an  increase  in 
thrust  coefficient  with  increasing  curvature,  but  the  theo- 
retical results  indicate  virtually  no  change.  Since  the  dif- 
ference in  thrust  coefficient  is  approximately  1 percent,  a 
more  accurate  thrust  measurement  than  the  present  momentum 
balance  is  required  to  resolve  this  difference. 

The  present  experimental  results  demonstrated  that  cold 
flow  pressure  distortions  representative  of  low-bypass  tur- 
bofans have  a noticeably  more  pronounced  effect  on  discharge 
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than  on  thrust  coefficients  obtained  from  either  the  area- 
weighted  or  the  stream  tube  referencing  techniques.  Whereas 
changes  in  pressure  distortion  principally  affect  discharge 
coefficient,  changes  in  bypass  temperature  ratio  influences 
both  the  discharge  and  thrust  coefficient.  For  nozzle  per- 
formance coefficients  versus  nozzle  pressure  ratio,  the 
effect  of  pressure  and  temperature  distortion  results  in  a 
shift  in  magnitude  but  generally  not  a significant  change  in 
the  shape  of  the  curves. 


The  present  experimental  data  indicate  that  nozzle  wall 
pressure  and  Mach  number  distributions  have  very  limited 
value  for  predicting  or  analyzing  the  effects  of  distortion 
on  nozzle  performance. 


When  making  theoretical  calculations  for  distorted  noz- 
zle flows,  the  numerical  results  would  exhibit  instabilities 
in  flow  properties  in  the  vicinity  of  large  gradients  in 
stagnation  properties.  However,  by  using  the  additional 
analytical  restraints  discussed  in  Ref.  2,  these  numerical 
instabilities  were  eliminated  and  generally  good  correlation 
(+1.5  percent)  with  the  experimental  results  was  maintained. 
The  Wehofer-Moger  computer  program  requires  relatively  sub- 
stantial computer  time  and  operational  experience,  parti- 
cularly for  free-jet  calculations;  however,  the  program  has 
demonstrated  it  can  provide  predictions  for  rather  complex 
nozzle  flows. 


Using  the  stream  tube  referencing  procedure  compared 
with  the  area-weighted  method  generally  brings  the  nozzle 
coefficients  more  in  line  with  the  uniform  flow  results. 
However,  depending  on  the  type  of  flow  distortions,  either 
referencing  procedure  can  deviate  considerably  from  uniform 
flow  results.  Therefore,  it  can  be  concluded  that  nozzle 
performance  coefficients  cannot  be  ascribed  to  a given  noz- 
zle configuration  without  regard  for  nozzle  inlet  flow  con- 
ditions. This  conclusion  is  also  confirmed  by  the  theoreti- 
cal results. 
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APPENDIX  B 

NOZZLE  TOTAL  PRESSURE  AND  TOTAL  TEMPERATURE  PROFILES 
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NOMENCLATURE 


Cross-sectional  area 
Bypass  mass  flow  ratio,  Wg/Wp 
Bypass  Temperature  Ratio,  Ttb/tTP 
Discharge  coefficient 

Area-weighted  discharge  coefficient,  defined  by 
Eq.  3 

Radially  weighted  discharge  coefficient  defined  by 
Eq.  4 

Thrust  coefficient 

Area-weighted  thrust  coefficient,  defined  by  Eq.  6 

Radially  weighted  thrust  coefficient  defined  by 
Eq.  7 

Diameter 

Force  (or  thrust) 

Length 

Mach  number 

Nozzle  pressure  ratio 

Number  of  stream  tube  elements 

Static  pressure 

Total  pressure 

Gas  constant 

Nozzle  lip  radius  of  curvature  normalized  by  throat 
radius 
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r Radial  distance  I'rom  nozzle  centerline 

T Static  temperature 

Tt  Total  temperature 

u Axial  velocity  component 

W Mass  flow  rate 

X Axial  distance  from  nozzle  throat  (positive  in  down- 
stream direction) 

a Flow  angle 

y Ratio  of  specific  heats 

A Small  increment 

6*  Boundary  layer  displacement  thickness 

p Density 

tw  Wall  shear  force 

SUBSCRIPTS 

1-D  One  dimensional 

a Actual 

B Bypass 

bl  Boundary  layer 

c Cell 

cb  Centerbody  (or  axis) 

e Exit 

f Final 
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